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detector problems with regard to Tabrication, crosstalk, Tinearity, and
charge transfer inefficiency.

Operation of an integrated optical channel waveguide array-CCD transversal
filter is reported. Channel waveguides formed in V-grooves couple directly to
the sensor elements of the four phase, double polysilicon CCD. Experimental
results include a filter transfer function having good agreement with
theoretical results.

The voltage contrast mode of a scanning electron microscope (SEM) is
utilized to observe charge-coupled devices (CCDs) which have been cross
sectioned. A new cross sectioning technique which uses anisotropic etchi
to accurately define the axis along which fracture occurs is presented.jggg
Lapping is not required in this technique, as smooth surfaces result from\the
controlled fracturing. SEM imaging of the region just beneath a CCD double-
level, polycrystalline silicon electrode structure revealed a region of con-
trast which appeared and disappeared under the presence and absence of an
applied pulsed bias.

We have achieved the first demonstration of laser annealing of thin-film
} optical waveguides to reduce scattering losses. Values of waveguide loss as
low as .01 dB/cm have been measured for laser-annealed Zn0 waveguides and for
Corning 7059 glass waveguides which have been both laser annealed and had
3 surface coatings applied. Significant improvements have also been observed
for Si3N b,05, and Ta,0; waveguides. A 50W CO, laser for laser annealing
along wi%h eam scanner nd a focusing lens weré used. Precise measurements
of waveguide loss were performed by sampling a streak of light propagating in
a thin-film waveguide with a fiber probe incorporated into a scanning photo-
metric microscope as a function of distance along the propagation axis. The
presence of the microscope allowed precise positioning of the fiber with
respect to the waveguide and motorized scanning of the fiber transverse to the
propagation axis. Electronic signal averaging during this scan including -
correction for laser power fluctuations was used to improve the precision of )
the measurement.

An extensive analysis of crosstalk in photodetector arrays is described.
The effect of a lens imaging a field distribution onto the photodetector array
is included along with the effects of carrier diffusion.

We have carried out an investigation of the use of phosphosilicate glass
(PSG) flow for integrated optical circuits. PSG layers of thicknesses ranging
from 4 to 22 um were chemically vapor deposited on V-grooves in silicon sub-
strates having a depth of 175 um. The effect on the flow of (1) P20g concen-
tration in PSG layers (5-10 mol%), (2) ambient during flow (dry Oy, wet 05,

POC1,, and wet Np), (3) temperature (1000°-1200°C) and (4) time (30-120 min)
of t%e process has been determined. The extent of flow, as measured by
curvature of the rounded corners, has been plotted against PSG layer thick-
ness and reflow time. Radii of curvature up to 36 pm through 70° bends have
been measured. Flow of PSG is used along with anisotropic etching to form
a novel optical waveguide lens.
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[. Introduction

The present report describes the accomplishments of research involving
integration of a photodetector array with an optical waveguide structure and
applications to signal processing. Most of the important results have been
published (see Section VI for a list of program publications) so the present
report will not contain full details of all accomplishments. For those wish-
ing more detail in a certain area, specific publications will be referenced
where more details appear.

Major research accomplishments occurred in three areas: (1) Improvements
in materials for integrated optics, (2) Vvarious devices using an array of
channel waveyguides coupled to a 1ineaf charyge-coupled device (CCD) imayging
array, and (3) Planar’ waveguides coupled to inteyrated photodetectors.
Noteworthy in the first area is the achievement of values of planar waveguide
propagation loss (.01 dB/cm) an order of magnitude better than any value ever
reported previously. We accomplished this for two different materials by

Ihr

lasar annealing: Corning 7059 glass and zinc oxide.™’ Major accomplish-

ments in the second area include experimental demonstration of an inteygrated

I of a channel waveguide fan-out

channel waveguide - CCD transversal filter,
array coupled to a CCD for high resolution imaging4 and an analysis of cross-
talk in photodetector arrays.5 Of note in the third area was the first demon-

7

stration of an optical waveyuide coupled to a CCD,6’ , formation of taper

couplers for these devices,8 and the use of these device structures for per-
forminy scattering measurements.9

The present research program has thus far investigyated a number of inte-
grated optical device configurations utilizing a silicon substrate. The

motivation for investigating devices utilizing silicon is first, due to its

potential use for such siygnal processing devices as the inteyrated optical
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spectrum analyzer, second, its usefulness for performing waveguide de-

tection in such signal processing devices formed on LiNb03, third, to provide
integration of external components in fiber optic interferomnetric devices,14
and fourth, to allow combination of inteyrated optical devices and integratea
electronic circuits to form higher data rate systems. The recent demonstra-
tion in our laboratory of waveguide loss in thin film waveguides as low as .01
dB/cm after laser annealing implies that it may be worthwhile considering

formation of the interferometer in an optical waveguide rather than a fiber.]4

Such a configuration would significantly reduce the size ana allow total
component integration on a silicon wafer substrate. This reduction in size
and increase in component integration would be very desirable for application
of guided wave interferometric sensors in military systems.

Many of the device configurations considered in the present program have
involved the integration of optical channel waveguide arrays integrated with
CCDs. In addition to research described here, we have demonstrated the cou-
pling of optical fibers to such channel waveguides under sponsorship of NSF.15
Channel waveguides provide confinement of the propagating field in all trans-
verse directions. When an array of channel waveguides 1is integrated with a

CCD, each channel waveyuide terminates onto a linear CCD imager array element.

The CCD then multiplexes or combines in a prescribed manner the information

- contained in the parallel optical channels, providing a serial electrical
;2 output. Transversal filtering in this manner has been demonstrated as & part
Ti of the present research program.3 Examples of several other ways this can be
E used advantageously are described throughout this report.

The effect of waveyuide scatteriny on the integrated optical signal
processiny device dynamic range has been analyzed and numerical results pre-

sented for variations in the scattering pattern as a part of the present
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research program.16 The results of this analysis indicate that dynamic range
is degraded in proportion to waveyuide scattering in such a way tnat a re-
duction in waveyuide attenuation due to scattering by a factor of 1U leads to
a reduction in dynamic range of about 10 dB and conversely. Thus, the fact
that we have reduced scattering in several optical waveqguide materials by
factors of 100 over values previously reported in the literature implies that
devices which could use these materials could achieve a significant increase
in dynamic range.

In what follows we first discuss in II channel waveyuide arrays coupled
to integrated CCDs which have been investigated. In this section we also
discuss the first use of voltaye contrast in a scanning electron microscope to

17 We then consider material improvements for

image a CCD during operation.
integrated optics in III and the coupling of planar waveyuides to photoelector

arrays in IV. We follow this with conclusions in V, a list of program publi-

cations in VI, and finally with acknowledgements and references.




[I. Array of Channel waveyuides Coupled to An Inteyrated CLD

A. Device Structure

As noted in the introduction, an optical channel waveguide array coupled
to a CCD linear imaging array and integrated onto the same silicon substrate

18, 19

was fabricated and successfully operated early in the program. This

device is shown schematically in Fig. 1. The channel waveguide array is
formed by preferential-etching of V-grooves in the 100 plane of si]icon.zo’ 2l
This integrated device differs from planar slab waveguide CCD structures in
- that tne present structure is configured such that an individual channel

waveguide is coupled to each array element of the CCD image sensor. This

integrated device structure thus provides a method for the parallel injection

of signals into a CCD with a high degree of isolation between parallel chan-
nels. Channel isolation and channel density are expected to be superior to
that of parallel electrical signal injgction because of the absence of capaci-
tive coupling in the former. Furthermore, because liyght propagating in each
channel waveguide is bound to this region, better channel isolation than would
exist in a cumpdarable bulk optical wave structure22 is expected.

Details of the fabrication of this device have been published else-
where.19 A novel aspect of this devise is the CCD photodiode coupling struc- i

ture. The realization of this device depends on a good coupling structure

; z between the photodiode array and the CCO. The signal injection from the

gﬁi photouiode array into the CCD and the emergence of the signal from the CCD

'i forms a parallel-in/serial-out «conversion. The coupliny structure should
J: provice an isolated channel for each photodiode tou transfer siygnal into the Q
) .

corresponding CCD cell. A new coupling structure which does not complicate

the CCU structure and which 1is compatible with relaxed photolithoyraphic

tolerances has been used. In this structure very small contact hcles are not
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needed on the rather narrow polysilicon bus electrodes which connect all the
electrodes of each phase to the same side of the CCD. In this design, one of
the CCD pnases for a two phase device ana two of the phases for a four phase
device are placed on the photodiode side of the CCD. Thaese bus electrodes
also serve as a part of the coupling structure between the photodiode array
and the CCU. Since the bus lines can be placea on both sides of the CCD,
conventional CCD device design can be used except with a modification on the

channel stop diffusion under the phase one bus line. The usual MOS channel

should be left here to allow charge transfer into the CCD.

Figure 2 shows the coupling structure of a photodiode array with a four
phase, double polysilicon CCD. The coub]ing structure consists of three MOS
gates in series. These are the bias gate (BG), carrier integration gate (CIG)
ana transfer gate (TG). Underneath these gates, a series of parallel n*
diffusion bars extending from the edge of the V-grooves isolatiny the photo-
diodes through the ¢1 bus 1ine and stopping under the phase three bus line of ]
the CCD forms potential barriers to create electrically isolated coupling |

channels to exist from the photodiode to the CCU. This kind of a coupling ;

structure provides for signal integration capability for Tow level Tlight

operation.

Figure 3 shows the coupling structure of a fabricated photodioage array-

CCD imager. A four-phase CCD is used in this particular process, and V-groove

isolation diffusion is used between photodiodes. In this device, the bias

gate is 7.5 yum wide with 2.5 um overlap of the photodiode and integration

gate. The transfar gate is the same size as the bias gyate with 2.5 um over-

lap of the integration yate and of the CCD phase one bus line. The size of

the inteygrdation gate is chosen to have nearly the same area as one of the CCU

electrodes to ensure charge overflow does not occur inside the CCD when a

The integration

larye charge packet is transferred from the inteyration gate.
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photodiode array

Bias gate

Carrier integration
gate

Transfer gate

ﬂl Bus line

CCD channel

oA

Fig. 3 Coupling structure of a four-phase, double polysilicon |
photodiode CCD device. |4
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gate is 25 um wide and 62.5 um lony in this device. HNotice that the n’
channel isolation diffusion extends across the CCu ﬂl bus line and terminates
at tine edye of the ¢3 electrode. This arrangement ensures isolation of the CCD
cell, and maintains charge shifting directionality.

The dynamic behavior of the 4 phase CCL is controlled by the 4 phase
clock voltayge waveforms as well as the voltage waveforms which control paral-
lel injection and the output amplifier. The timinyg diagram of these voltaye
waveforms is shown in Fig. 4. The p channel CCD clock voltage waveforms are
90 deyreee phase shifted to adjacent phases such that Ql and ¢3 are complemen-
tary waveforms, as are those of ﬁz and ¢4. The input gate pulse is synchro-
nized with the negative goiny edye of tﬁe ﬂl pulse and the same for the reset
gate pulse since the first and last CCD electrodes are designed to be ¢1
electrodes. A sampling pulse is synchronized with the neyative goiny eaye of
the w4 pulse. The timing sequence of the output circuit is as follows. Durinyg
the perioa ﬂl is neyative the last CCD electrode is receiving charge, the
reszt pulse having already allowed the reference voltage to be reset at the
output. The occurrance of reset of the output during the early part of the
period when ¢1 is neyative provides a longer available reset time which could
last as lony as half of a clock cycle. After reset the Ql clock turns off its
respective electrodes and forces charge through the channel beneath the dc
biased output gate toward the output diode. The sampling pulse is turned on
late during the period when the ﬁl electrodes are turned off so as to provide
a lonyer charye transfer time. Since the sampling circuit required only a
short sampling time in comparison to the reset time, the width of the sampliny
pulse can be adjusted as small as possible. Also shown in Fig. 4 are the
transfer yate and charyge integration gate pulses for device operation.

To evaluate the performance of the CCD, the most important parameter

characterizing operation is the charye transfer efficiency or, equivalently,
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transtfer inefficiency which is one winus transfer efficiency. Transfer inef-
ficiency neasures the fraction of charge left banind upon each transfer.
Transfer inefficiency can be determined by first operating a CCu without any
input signal for a certain period of time such that all the trapped charge in
surface states is released. If a signal charye packet is then injected into
the CCU, many of the carriers in this packet are trapped. Subsequent injected
pulses do not encounter as many empty traps. Since the traps release trapped
signal charge at later times, the output of the CCD will be a dispersed pulse
train. Figure 5-a illustrates CCu response to a train of 7 equal amplitude
input pulses. Note that the amplitude of the first pulse is degraded and
residual pulses follow the seven output pulses, in accordance with the above
explanation. ,

The degree of signal charge spreading is characterizea by the charge
transfer inefficiency. Charge transfer inefficiency can be calculated from

the CCD response to an equal amplitude pulse train.23

As shown in Fig. 5-a
the discrepancy of the first output pulse amplitudes shows loss of signal
charge, while the small amplitude pulses following the last signal pulse
correspond to the emission of trapped sigral charge. The presence of bias
charge injected into the CCD at all times significantly reduces the above
problem by keeping the surface traps filled. Transfer inefficiency improves
significantly as a result and the associate signal distortion is eliminatea,
as is indicated in Fig. 5-b which corresponds to the situation in Fig. 5-a but
witn bias charge. Using the established procedure to determine transfer
inefficiency,23 the transfer inefficiency of the device tested in Fig. 12 is
1.0 x 1u.7%

Experimental measurements of the optical response of this device have

been published e]sewhere]9 and thus will not be repeated here. Further exper-

imental results will be discussed in later sections of this chapter.
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Fig. 5(a) Output of a four-phase, double polysilicon CCD
clocked at 100 KHz without bias charge.
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Fig. 5(b)  Output of the above CCD with about 6% bias charge.
Transfer efficiency is about 0.9999.
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5. Integrated Channel Waveguide - CCU Transversal Filter

- - e

Operation of an array of optical channel waveguides integrated with a
charge-coupled device (CLD) as a transversal filter is reported in tnis sec-
tion. The presance of channels having low loss and good isolation presents
excellent potential tor applications such as aultiplexing or transversal
filtaring in wihich optical channels can replace electrical channels and there-
by realize many of the same advantages that result from the use of optical
fibers in various applications. Light propagating in each element of the
channel waveyuide array is coupled to a sensor element of the CCD efficiently
| and with minimal 5catter.b The CCOD is operated in such a manner so that these
inputs are summed together with appropriate delay. Transversal filtering then

results since a delay line with parallel weighted input and serial output has

the same impulse response and transfer function as the same delay line with
serial input and parallel weighted output, the configuration used to implement
! conventional CCU transversal fi]ters.z4

Optical transversal filtering with CCDs has been demonstrated previously
i by illuminating a CLD Tlinear imager through a mask which incorporates the

weighting.z‘ However, the use of channel waveguides for confining the light

has potentidal for more accurate control of channel weighting since geometrical
access to each channel is available, much greater channel isolation, and,
because of the simplicity of the channel waveguide structure offers potential
for very high channel densities. In addition, input of light to each channel
through an optical fiber is a aistinct possibility, since direct coupling of
liynt from fibers to channel waveyuides of the type present in the device

15 A high speed pro-

being reported herein has previously been demonstrated.
grammable capability could be otained by pulse duration modulation or by

direct modulation of a semiconductor laser array. The demonstration of the
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2 implies that a compact

npounting of semiconouctor ldser array onto si]iconz
hybria device structure is a realistic possibility.

The configuration of the channel waveyuide array-CCD transversal filter
is shown schematically in Figure 6-a. Channel waveyuides ano the CCD are
formeo as in the aevice described in the previous reaction. As each channel
waveguide terminates into a separate sensor region, as shown in Fiyg. 6-a, a
large portion of the light incigent on this termination excites carriers which
are collected under the integration gate as the potentials of the control and
integration gates 2re suitably adjusted. At the end of each clock period, the
transfer gate is turned on, as shown in the timing diagram shown in Fig. 6-b,
so that the collected charge is transferred into the CCD. This charge trans-
fer occurs simultaneously for each array element and in a time much le~s than
1/4 of tne CCD clock period. Once this charge has tranferrea into the CCD,
the transfer gate 1is turned off and the charge is shifted alonyg the CCD.
Clecking in this manner performs the delay and summing function characteristic
of a transversal filter. The four MOS transistors 4t the input to the LED
drray dre included to symbolize analoy multiplication for establishing tap
weights in the transversal filter.

The device in Fig. 6 has been fabricated. The 20 channel waveyuides are
each 25 ym by 1.6 mm with a periodic spacing of 35 um. The diffused portion
of the sensor elements is 25 ym by 114 um with 90% of this area overlapping
down into the V-groove and the inteyration gate is 25 ym by 100 ym, both
having a periodic spacing of 35 m, The CCD polysilicon electrodes are 15 uni
by 130 um for the first level and 12.5 um x 130 um for the second overlapping
level. An MOS reset amplifier with employs a double reset yate with the gyate
closest to the floating aiffusion held at dc and the other pulsed is inte-

ygrated at the CCD output, as this arrdngement reduces clock feedthrough. CCD

charge transfer inefficiency, defineo as the fraction of charge lost per
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transfer, is measurea by applying a small group of electrical pulses to the
serial input preceeded by a lony period of no input, as discussed earlier. A
transfer inefficiency of 1.0 x 10'4 has been ngasured for this device also.
Tha device in Fig. 6 has been excited optical by utilizing V-groove
end-coupling for coupling light into the cnannel waveyuides. This coupling
menod utilizes the fact that V-grooves in silicon have V surfaces at their
terminations. By depositing aluminum over these end surfaces, a mirror is
formed which allows light to be reflected directly into the waveguide.
Operation of the above device as a tranversal filter has been achieved by
foucusing liyght from a single light-emitting diode (LED) with a cylindrical
lens onto the end-coupling reyion. Uée of sinyle LED does not allow the
flexibility of varying the tap weighting as use of an array would, but it does
allow demonstration of transversal filter operation for fixed ana uniform tap
weighting. By making the focal region longer than the end coupler region, we
expect that the light intensity distribution alonyg the end coupler is nearly
uniforul so that the effective tap weighting is nearly uniform. To measure the
filter transfer function of frequency. Fig. 7 shows a plot of the measured
and theoretical transfer function of such a filter for a 20 tap device having
equal tap weightiny. Note that the level of the experimentally-measured
sidelobes is slightly less than that of the theoretical value. We attribute
tnis to inherent apodization present in the distribution of the incident light

focused onto the ena-coupler region.

C. Fan-Out Channel Waveguide Array For High Resolution Optical

Waveguide Imaginy

Signal processinyg devices such as the integrated optical spectrum analy-

zerlo']d are niotivating the development of integrated optical waveguide len-

ses."'7'30 The constraints of limited substrate area and high frequency resolu-
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tion leid to the use of small f-number. waveguide lenses. To fully resolve

focal plane liyght aistributions for such lenses, detector arrays having center
to-center spacings of a few micorns are required. As system requirements point
toward several hundred resolvable spots, use of a LCD linear inaging array is
advantayeous. Forming a CCD Tinear imayge array having a perioa of several
microns is difficult but possible. However, as integrated optical devices
such as the spectrum analyzer are expected to use a semiconductor laser having
> = .82 um, the absorption length in silicon is about 15 um.5 The fabrica-
] tion of a CCL linear imaging array having a period significantly less than the
. absorption length, but in which channel isolation is to be maintained, adds :

considerable difficulty to the desiyn and fabrication tasks. For these rea-

sons we are presenting an alternate approach utilizing a channel waveyguide
fan-out array coupled to an inteyrated CCD. This device provides the desired
fine spatial resolution, while allowing use of a CCD having a much larger
period. The laryer perioa simplifies CCD fabrication and provices improved
ctiannel isolation.

Implementation of the integrated optical devices is currently being

investigated using bota LiNbO; and silicon substrates. Likb0; structures 1;

3
provide superior acousto-optic performance, while silicon structures provide *

for integration of detectors and more economical processing and material
costs. The fan-out channel waveguide array described herein is fabricated on a
silicon substrate, thus being directly applicable to integrated optical sili-

con devices. However, the concept is applicable LiNbO3 devices, and would

provide many of the same advantages as noted above.
To fabricate the devices described herein, a new procedure in polyure-
thane waveguide fabrication technology has been developed and is reported.

For the first time, high quality patterns having 5 micron resolution in poly-




urethane filns can be formed, using a minimum of equipnent and processing
steps.

The fan-out channel waveyguide array coupled to a CCU is shown in Fiyg.
8-a. The fan-out array performs several functions simultaneously. Coupling
between the slab waveguide and separate, independent channel waveyuides ef-
fects a hiyh resolution spatial sampling function. Since the slab and channel
waveyuides are formed simultaneously, the thickness of both the slab and
channel waveguides are essentially the sawme so that scattering due to the

R
resulting mode structure difference is minimizea. 2

High spatial resolution
is obtained since the input center-to-center spacing of the fan array is
considerably less than the actual center-to-center spacing of the detector
array. The increase in spatial resolution results without any sacrifice in
detector array performance with regard to crosstalk.

To achieve the needed guiding layer structure, the polyurethane is de-
posited by spinning it over thermally-yrown 5102, which has a lower index of
refraction. The Si(;2 must be somewnat gradter than a wavelength in thickness
to prevent tunnelling throuygh to the high index silicon substrate.33 This is
a4 commonly accepted waveguide confiyuration for inteyrated optics. Any sub-
strate can be used for polyurethane waveguides provided a low index buffer
layer is present to separate high index substrates from the waveguide medium.
Polyurethane's index of 1.55 at 6328A compares well with 5102'5 index of 1.45.
GaAs, LiNb03, or other substrates with sputtered or chemical-vapor deposited
Siuz films are acceptable confiyurations.

The acutal fan-out array pattern, as shown in Fig. 8-b, is computer
yenerated. Program data includes center-to-center spacing and width of the

channel wavejuides at the input and output ends of the array, ana the lenyth

of the array. The computer then yenerates the pattern on a flat bed plotter.
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The width of each channel increases linearly between the input and output
ends. As each channzl follows a sinusoiaal patnh between input and output, the
spaciny between yuides gradually increases. The sinusoidal path is a half
cycle in lenyth so that the slope is zero at each end. This is to insure a
straight waveyuide for best sampling at the input, and alignment ease at the
ouptput. Althouyn it was not necessary here, actual straight segments can
easily be added to the input and output channel waveguides by the computer,
without chanyging the basic nature of the device.

I Waveguide curvature loss is known to increase markedly when the radius of
curvature falls below a critical value. MarCuse32 and Marcatili have studied

this problem with Marcatili's moael more accurately resembling integrated

optical curved waveguides. However, Marcuse's results are simpler to apply to
i
{
a the patterns discussed herein, and Marcuse maintains that agreement is good {
between his results and Marcatili's. |

)
Followiny Marcuse,”“ a critical radius of a curvature, R exists in

crit’
which for a radius less than this, severe scattsring will occur, but for a

larger radius negligiole scattering occurs. In terms of waveguide parameters,

R is given as

crit

R iy = 3024/ (n3-n?) (1)

crit

where n, = 1.55 is the waveguide material refractive index, b is the cladding

refractive index equal to 1.0 for air for this case, and d is the waveguide

width of the channel waveguide. For a waveguide width of d=5 um, R ., =

25.695 pm.  The mininum radius of curvature for the present device is yiven as

Ryin = (144740327 (a%y/ 4, 2) min (2)

min

e e s e N " P




wherg y describes the sinusoidal path the channel waveyuide boundary follows
as 4 function of x. The radius is to be evaluated at the point of maximum
curvatdre, i.e., minimum radius.

As shown in Fiyg. 8-b, each channel follows a sinusoidal path between
evenly spaced input and output array locations. The computer program automat-
ically adjusts the simple equation to achieve proper spacing and aliygnment.
The maximuwn curvature, minimun radius, occurs for the two outer channels at
the extremes in Fig. 8-b. The maximum curvature will occur at the beginning
and end points of the array. Dropping khe constant terms, the top channel

path is describea by

y = 137.16 cos zzopis~ um (3)

v

and R

= 3.9 X 103 wm, From comparing R nin: We conclude that

Then R

min crit

scattering loss due to waveguide curvature should be negligible.
This present device uses channel waveyuides formed utilizing polyure-

thane. This and other polymers have been shown to form optical waveguides

naviny very low scattering ana attenuation losses. Ulrich and weber34 dis-

cussed the properties of a variety of solution deposited waveguide materials,

and reported on a thin-film ring laser using polyurethane on a glass rod.35

36

Further articles, notably by Swalen, et al. and Tsang, et a].zo have ex-

plored polymer tnin films and preferential etchinyg for waveyguide fabrication.

The fabrication process has been presented by us in the open literature and

31

thus will not be repeated here. Details concerning the CCD-fan-out array

device shown in Fiyg. 8-a have bcen present by us elsewhere and also will not

be repeated here.4

0. Optical Cross Talk in Linear Imaying Arrays

An analysis of cross talk in photodetector arrays has been completed

s B A By S et i
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as a upart of this AFUSR program.5 This analysis incorporates effects of
carrier aiffusion the diffraction spread of an incident 1ligh beam, and the
f/number of the lans focusing the light onto the photodetector array. The
analysis is sufficiently general to consider either MUS or photodiode sensing
elenents.

This analysis complements the experimental development of the fan-out
channel waveguide array described in the previous section. A sinulation
computer program has been developea to predict crosstalk in integrated de-
tector arrays. This sinulation effort has been basea on an accurate theo-
retical foundation. The overall system has been divided into sub-systems to
aid theoreticdl analysis and digital simﬁ]ation. As our work has been orient-
ed towards integrated optical signal processiny devices, the simulation starts
by determining an accurate field function for the output spot of the lens.
This is done using the well known Fourier Transform properties of a convex
lens. The original contribution of this effort is the simulation of the
substrate processes as shown in Figure 9. Sub-systems for the optical dif-
fraction field and the crosstalk carrier diffusion permit simpler analysis.

In this context it is not practical to discuss all the theoretical and
practical details of the simulation. However, an examination of Figure 9
indicates the najor features. The optical field in the semiconductor sub-
strate nust account for diffraction due to the narrow aperture and for the
complex attenuation and phase shift processes which occur in this lossy med-
ium., Near-field simulation of the aperture problem requires careful appli-
cation of ketteler's Equations to solve the lossy medium angle dependent wave
propagation parameters and use of the Fourier Transform to equate the aperture

fiela with a specturm of plane waves propagating at different angles. An
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efticient FFT is usea to achieve the Fourier Transform, and the different
components of the diffraction field have been interrelated so that one spec-
trunt eventually describes three requirea components. The aperture problem is
considered complete when the spatial distribution of photogenerated winority
carriers is derivea from the Poynting vector of the optical field.

Given the generation rate for minority carriers, the carrier diffusion
sinulation commences. As shown in Figure 9, it is necessary to determine the
ratio of carriers which by random diffusion reach a detector element in the
array, resulting in an output current. Carriers which reconbine or reach tne
surface in a non-detector Tlocation do not contribute to the output. The
diffusion solution can be obtained usiny an impulse function and convolution
summation approach. However, it is computationally more efficient to use the
FFT ana frequency domain multiplication instead. Further details of the
sirmulation have been published e]sewhere.4’38

Kesults of the simulation are briefly susmarized in Figure 10. The full

. extent of possible design variations which can be siruldted are too vast to
consider here. We present these results to demonstrate the power anda utility

of the simulation and to verify tne fan-out array concept advantages in focal

plane line imaging. The figure is a plot of total crosstalk for imaging array

systeis versus the effective detector element spacing. This effective spacing

refers either to actual elements or to input channel spacings of a fan-out

array. Tne three fan-out array simulations use a constant detector array

employing 35 micron center spacing. A fourth fan-out ratio would be 1:1. The

better crosstalk performance of the fan-out array system over the range of

spacings is evident and expected. Simulation of the two systems will sinplify

the optimal design efforts of fan-out and imaging arrays.
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The results shown in Figure 10 are the first such guantitative simula-
tions reported on imayging array crosstalk. The number of factors considered
in the simulation ana the complexity of the processes shown in Figure 9, and
others not shown, prevent any accurate closed forw solution to this problem.
Incluaed in the simulation arz parameters for: lens focal length and dia-
neter; free space wavelength; gaussian input beam standard devation; waveyguide
layer refractive index; detector element spacing, aperture width, and actual
element width; diffusion constant; minority carrier lifetime; fan-out array
input channel width and spaciny; and conplex permittivity of the semiconductor
substrate. All these may be varied to simulate crosstalk of different systems
in a theoretically sound quantitative maﬁner.

E. CCD Examination Using Voltage Contrast With a SEM !

P

The scanning electron microscope (SEM) has been widely used for the
examination of various aspects of semiconductor devices and integrated cir-
cuits. The voltage contrast mode has allowed imaging of depletion regions on
wafer surfaces and on lapped cross-sectional surfaces. [n the study carried
out under the present AFOSR program we have considered imaging depletion
regions in charye-coupled devices which contain double-level metal-oxide-semi-

conductor (M0S) capacitors with polycrystalline silicon (polysilicon) yates,

pn junctions, floatinyg diffusions, and MOS transistors. Of particular note is

the observation of transient effects. By applyiny a low-duty cycle pulse

train to a device under SEM observation, we observed transient charging through

capacitive coupling of a floating diffusion region.
Besides considering a more complicated device thdn did a previous study,37
we also present a new technique for accomplishing breakage of a wafer along a

desired line defined on the water surface. This technique results in a very
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sruoth cross sectional view of the wafer at the desired location. The capa-
pility of controlliny the position of breakage allows cross sectioning to be
implenented so as to intersect the particular device to be exawined. This
implies that the present St tecnnique could be appliea to devices contained
in actual inteygrateu circuits.

Previously mwost studies of the cross-section of wafers involved the
cutting or fracture of the sample and polishiny with successively finer con-
pounds until the desired surface was sufficiently smooth. This results in a
srooth surface but the introduction of surface states and contamination to
this process is not desirable when attempting to image a charge region. Also,
the precise location of the breakaye cannot be accurately defined. In the
present stuay we have used the presence of a V-groove formed by anisotropic
etching of a (l1U0) surface to define the axis along which breakage occurs.
These V-grooves are formed away from the devices of interest and thus do not
interfere witn device operation. The need for V-grooves to define fracture
axes implies that such axes are then limited to lines parallel to the (110)
direction.

[e technique of using etched grooves to initiate a fracture plane re-
quires that the grooves extend to the edge of the wafer die. Such V-grooves
can be formed on a mask with a photorepeater so that V-ygrooves extend from one
die to the adjacent one. The V-groove fabrication step can readily be added
to many existing fabrication processes. The position of the V-grooves can
then ba varied by simply altering the simple wask used for V-groove fabri-
cation. Upon completion of the fabrication process the wafer is then scribed
or cut as wusual in the airection perpendicular to the V-groove axis. Pressure
on tie backside of the wafer alony an axis parallel to ana in proximity to the

V-yroove axis cause breakage along the (111) plane forwing the V-groove side-




wall to occur. Tnis precise control of the fracture location was founu to be
quite repeatable.

The voltage contrast mode of SEM operation which imayes seconoary elec-
trons was utilized in this study. Voltage contrast arises fron the presence
of local electric fields associated with applied potential differences which
way reduce or enhance secondary emission. Variations in surface potential
along a surface are thus manifested as corresponding contrast variations in
the SEM jmage. We utilized an International Scientific Instrument model M-7

' SEM which is equipped for voltage feedthrough capability.

e examined a CCD of the type utilized to form the transversal filter

described earlier. This CCD is a 4-phase, double-level polysilicon electrode
device fabricated on an n type substrate. Figures 11-a and b present pictures
of the cross-sectioned CCD with a voltage of -11.7 volts applied separately to
two of the four phases. The effect of applying a voltage to a conductor on an
SEM iimage is to cause the conductor to appear much brighter. In Fig. 11-a we
see voltage applied to first level polysilicon electrodes, while in Fig. 11-b
#4e see voltaye applied to second level polysilicon electrodes. The voltaye
applied corresponds to a pulse train having period 10 p sec. in order to si-
mulate electrode clocking. The bus lines for the other two phases were re-

woved in the cross sectioning. Figures 11-a and b indicate that with voltage

~

applied the polysilicon electrodes give good contrast. A close examination of

3.4
)

these micoryraphs reveals a darkening of contrast cn the cross-sectioned

cA

surface just beneath the biased electrodes. Similar photographs of this saiie
17

Results

Pl Bl

Y g

device but with higher magnification are prescribed elsewhere.

demonstratiny SEM observation of transient charging of capacitors are not
17

included here because they have been published elsewhere.
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a) CCD after cross sectioning with one phase of the first level
electrodes biased with a train of pulses having ampilitude -11.7
volts, b) Same device in (a) with one phase of the second level
electrodes having the same bias applied as in (a).
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In tne examination and imaying of the cross-sectioned devices, conditions
2xist that are not nornally present during operation of a complete device. The
exposure to atmosphere ano contaminants, surface states created by the frac-
turing, ana irraaiation by an electron beam introduce varying conditions tnat
iay or may not be repeatable, not to mention aetrimental to the operation of
the oevice. However, aata nas been obtained in the present study wihich indi-
cates that davices way possibly be viewed while under operating conditions.
Iinaging of the CCU double level electrode structure revealed a region of

i contrast whicn coula clearly be distinguished under the presence and absence
of an applied pulse bias. Application of a pulsed bias to the output gate

resulted in cnarge beiny stored on the floating p+ diffusion at the output

while application of a dc bias did not.

In addition a new technique utilizing anisotropic etching for cross
sectioning wafers alony a lithographically-defined axis has been presented.
This technique is simple, involving controlled fracturing, but yields very
‘ 1 siouth cross-sectioned surfaces over long lengths near the original wafer

surface. The wain limitation to this technique is that it can only be applied

to (100) oriented wafers and for axes parallel to the (110) direction.
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[II. Improvements in Materials For Integrated Uptics

A. Laser Annealing to Keduce Scattering

[t is advantayeous to reduce scattering in optical tnin-film waveguides
for several reasons. Lower scattering loss implies lower requirements for
laser source power, thus allowinyg higher beam quality senmiconductor laser
sources to be used. As scatteriny degrades dynamic ramge]'J in integrated

10-12 | otter

optical siynal processing devices such as the spectruwni analyzer,
performance can be acnieved in these devices if a reduction in scattering can
oe implementea. This class of devices would then become more competitive with
other approaches to performing the signal processing. Also, if scattaring in
thin-film optical waveguides can be reduced dramatically, then the possiblity
of an integrated versioh of an optical fiber interferoneter sensor39 may
become feasible.

We have achieved a significant reauction of scattering in glass thin-film
optical waveguides by utilizing the techniyue of laser annea]ing.]’2’40’4]
Reduction in attenuation measured in dB/ci by as much as two orders of magni-
tude has been consistently observed after laser annealing for a number of
waveyuides. These waveyguides were formed on a number of waveguide naterials
fabricated by a variety of techniques. Details of this work has been pu-
olisned so only a brief summary of results will be presented here.

We usea a 5 CUZ laser for laser annealing alonyg with a bean scanner and
a focusing lens having a focal lenyth of 6.4 cm. Different power densities
were used for different materials. Scanning occurred horizontally, typically
at a rate of lcm/sec, followed by vertical stepping and repetition of the

scanning and stepping in order to anneal reasonable-sized areas. Precise

measurenents of waveguide loss were performed by sampling a streak of light

propagating in a thin-film waveguide with a fiber probe incorporated into a
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scanning photonetric wmicroscope as a function of aistance along the propa-
gation axis. Tne presence of the microscope allowed precise positioning of
tne fiber with respect to the waveguiae and notorized scanning ot the fiber
transverse to the propagation axis. clectronic signal averaging during tnis
scan including correction for laser power fluctuations was used to improve the
precision of the neasurenent.

imeasurea values of scattered intensity for the lowest order Tt mode are
plotted on a log scale as a function of distance along the propagation axis in
Figs. 12 ana 13 for a ZnU and a 7059 glass waveguide, respectively. A linear
mean square fit of the data also is included in these figures. As the ver-
tical scale is logarithmic, the slopes ‘of these lines correspond directly to
waveguide attenuation. Jhe low value of loss for 7059 glass associated with
the data in Fig. 12 was obtained by first laser annealing and then applying a
1060 A thick surface coating of titanium-doped 5102 by spinning a liquid and
furnace haruening.] This film has a refractive index approximately equal to
tnat of 7059 glass and thus diminishes the pefturbing effect of any irregular-
ities on the 7059 glass surface.

Results demonstrating reduction in optical scattering in 513N4, Ta205,

40 Tible 1

and NbLO5 thin-film optical waveguides has also been observed.
sumriarizes tne lowest loss achieved by laser annealing these materials com-
pared to the luss rneasured before laser annealing and the best results re-

ported preciously. Alsa included in Table I are similar data for ZnU and

Lorniny 7059 glass.

9

|4
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Fig.12 The logarithm of the relative scattered intensity is plotted versus
distance along the 7059 glass wavequide. The upper and lower straight lines
represent best fits to the data obtained for the TE; mode before and after
laser annealing, respectively.
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Fig. 13 The logarithm of the relative scattered intensity is plotted versus
distance along the Zn0 waveguide. The upper and lower straight lines represent
best fits to the data obtained for the TEg mode before and after laser annealing,
respectively.




Table I

WAVEGUIDE LOSS RESULTING FROM LASER ANNEALING
COMPARED TO PREVIGUS RESULTS

Current Results

Type of Lowest Loss Before After
Waveyuiqe Previously Reported Laser Annealinyg Laser Annealing
Corning 1.0 d8/CH 4.0 d3/CM 0.05 dB/CM ;
7055 Glass (0.01 dB/CM)*
Zn0 1.0 dB8/CM 2.5 dB/CM 0.01 dB/Ci {
(Amorphous ‘ |
Substrate)
szos 1.0 dB8/CH 7.4 dBd/CM 0.6 dB/CM
Ta205 0.9 dB/CM 1.3 dB/CM 0.4 dB/CM
Si3n4 0.1 dB/CM 6.0 dB/CM 0.1 dB/CM

*With Surface Coating Added.

8. Applications of Phosphosilacate Glass (PSG) Flow to Integrated Optics

4 Integrated optical circuits show considerable potential for applications
in areas such as signal processing because of anticipated performance levels

i and economical advantages associated with integrated devices. Some components
of the inteyrated optical devices and of the optical circuits such as geodesic

lenses and transition regions to detector arrays require light travelling in a

;'< waveqguide to cross sharp discontinuites in substrate or isolation layer pro-
i;i files. The passage of light over a sharp step causes excessive scattering
51 resulting in loss of energy as well as degradation of dynamic range. Ffor a
ng certain type geodesic waveguide lens the guided radiation has to bend through

E anyles as small as 70°. Energy loss consiaderations dictate that the radius of

curvature of the bend be larger than a certain minimum radius R which

crit

depends on the waveguide parameters. Flow of chemically vapor deposited




phosphosilicate ylass 1is employed to provide smooth tapers for lransition
regions and bend radii large enougn to minimize scattering loss.

In what follows we suwmmarize results published elsewhere42 concerniny the
flow oehavior of phosphosilicate ¢lass deposited using CVD techniques and
flowed under a variety of conditions. Presentation of a thneoretical moael to
account for observed flow characteristics has been deferred pending further
investigyation. Following a discussion of PSG flow we discuss the formation of
PSG bridge structures which span across V-ygrooves formed in silicon by ani- i
sotropic etchiny. These bridge structures consist of a PSG layer which has
been deposited by chemical vapor deposition and then shaped by surface tension
during heat treatment. Onen space is clearly apparent beneath these bridge
structures. The bridge structure has been observed to span V-grooves notches
over lengths of ¢5 mm. Formation of the bridge structures has occurred on a
nunber of samples for several different preparation conditions.

Structures for PSG fluw evaluation were prepared by etching V-grooves in

4 100 type silicon substrates. The grooves were formed by defining rectangular
windows in a nasking oxide layer and etching the silicon using an anisotropic |

etchant. The V-yrooves thus formed have a notch angle of 70° determined by

orientation of the crystal planes. PSG deposited in the notch and heated to a
high temperature undergoes flow during which surface tension shapes the glass

layer into a smooth bena. Measurement of the radius of curvature of the bend

i SN
]

FET

/'

thus provides an indication of the degree of flow.

By e ’
A llotlhns o

A standard anisotropic etch usiny pyrocatechol, ethylene diamine and DI

water was employed to etch V-grooves 175 um deep. The silicon wafers were

then thermally oxidized using wet 02 to grow a silicon dioxide layer approxi-
mately 0.75 pm thick.

PSG layers were depositea on the oxidizea wafers in a Navtec System 300

rotary hot plate CVD System. A substrate temperature during deposition of
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400°C was employeu. S1'H4/PH3 #ole ratios of 4, 8, ana 14 were usea. The
OZ/hydride ratio was kept at 12 for all cases. Nitrogen was used as the
diluent gas. Total ylass flow rates ranged from approximately 1.7 1/min to
2.3 1/nin. These conditions were selected to yield values of approximately 5,
5, and 11 mol % PZOS in the ylass. Depositions were carried out for periods
of 30, ©0, 90, 120, and 150 wmin. We used fixed deposition time periods rather
than fixed PSG layer thicknesses because deposition rate varies with deposi-
tion conditions and the above procedure simplified work considerably. Lacking
continuous monitoring of film thickness, subsequent scanning electron inicro-
scope (StM) examination of cleaved cross sections of the samples was used to
determina layer thickness.

Sanples were then loaded vertically in furnances for flow at temperatures
of 1000°, 1100°, and 1200°V. Aibients during flow were POC13, dry 02, and N2
bubblea throuyh 95°C deionized water. Flow was carried out for 60, 90, ana
120 win. The samples were cleaved after flow and and examined in an SEM.
Pictures of V-ygroove notches snowiny PSG flow were obtained. Radii of cur-
vature of the bends were then measured from these pictures.

Glass flow was carried out in different ambients and at different temper-
atures. It was observed that if POCL3 was used as the ambient, the PSG layer
was damaged by formation of a whitish deposit. Since these layers will form
part of waveyuide structure surface damage cannot be tolerated as it results
in scatteriny losses. We therefore did not pursue the investigation of this
anmbient any further.

The results of glass flow at 1200°C for 90 min in various ambients are
plotted in Fig. 14. The degree of flow as measureu by radius of curvdture of
the bena is plotted against PSG deposition time rather than layer thickness

because data for three P205 concentrations is shown. The uncertainty in all
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radius medasurements is with *1 pm. This result is typical of a variety of
experiments.42

[t may be concludea that the degree of gyglass flow is enhanced by in-
creasing (1) phosphorous concentration, (2) flow time, (3) flow temperature,
and (4) introducing water vapor in tie ambient during the flow process. The
deyree of flow also increased with increasing layer thickness except in one
case. For a wet N2 ambient the degree of flow seems to have peaked around
14.5 wum. There is little difference between the amount of ylass flow in wet
02 das conpared to wet N2.

Some anomalies were observed and were explained by the presence of a
bridye structure spanning the groove with voids beneath the br‘idges.43 These
voids were formed when the samples were heated to cause PSG glow. Figure 15

shows SEM pictures of these voids. Figures 15(a) and (b) are micrographs of

different groove notches from the same sample. It is clearly evident that the
presence of a void has increased the radius of curvature of the bend. Figure
15(c) shuws another void from a different angle. The bottom of the V-groove
notch can be seen easily. Figure 15(d) is an overall view of the coated V-
groove after reflow showing benainy of PSG at the yroove edges. Some of the
scattar in data may also be caused by localized variations in glass flow due
to inhonmogeneous phosphorous distribution. A portion of the scatter may also
be attributed to measurement inaccuracies. Sufficient experimentation to
determine the statistical properties of this data has not been carried out.

The creation of voids was urncxpected since earlier work had not hinted at
any such development. Further work remains to be done before the exact con-
ditions necessary for bridge formation are determined. This would involve
ascertaining viscosity and surface tension of PSG during flow. Effects of

phosphorous diffusion througyh glass and oxide layers and the substrate with
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a) PSG covered V-groove notch showing formation of a smooth

bend due to glass flow. b) Another V-groove notch from the

same sample showing increased radius of curvature of the bend

due to formation of a void. c¢) Void formed in PSG deposited in

a V-groove notch after glass flow. The bottom of the notch formed
b{ crystal planes can be seen. d) PSG coated V-groove after glass
flow.




resulting changes in phase composition need to be taken into account. Theruo-
dynaiics of the process plus capillarity effects in the notch also have to be
considered. Needless to say this information is also required to cevelop a
conplete nmodel of phosphosilicate glass flow under nonvoid forming conditions.
It should be mentioned that waximum-sizea voids yiving rise to maximum bend
raaii were formea after 90 min in the furnace with a wet 02 ambient for 22 um
thick layers containing 10 m% P205.

Finally we found that in the low viscosity regime encountered in some
cases, ygravitational effects on glass flow can be significant. Since wafers
were loadea vertically instead of horizontally with groove lengths parallel to
the horizontal plane, the PSG profi]e' after flowing becomes asymmetrical.

C. Use of PSG Flow and Anisotropic Etching to Form a Novel Waveguide Lens

Integratea optical signal processinyg systems, such as the spectrum analy-
zer, have considerable potential for application because of anticipated perfor-
mance levels and the economical advantage associated with an integrated de-
vice. Optical waveyuide lenses are inherent to the operation of such systems.
Implementation of the integrated optical spectrum analyzer is currently being
investigated using LiNbO3 instead of a Si substrate, with as noted earlier,
LiNbU3 structures providing superior acousto-optic performance, while Si
- ( structures allow inteyration of charge-coupled device image arrays and more

economical processing and materials costs. Geodesic optical waveyuide “enses

N T
P

are yenerally used with LiNBO3 structures, while both ygeodesic and Lunebury

27,28 29

lenses have been used with Si structures. Fresnel waveguide lenses

could possibly be used with either of the above substrates. We report herein
the fabrication by anisotropic etching of a geodesic optical waveyuide lens

utilizing a $i substrate.44

In comparison to mechanically-formed geodesic




44

lenses3U or shadow-sputtered Lunebury 1enses,28 the lens reported herein has
the advantages of fabrication simplicity, corrections for aberrations are |
easily incorporated by altering the curvature of the mask pattern, the sub-
strate area consusea is small, neyative lenses can be readily forwed, and
because the lens position is defined lithoyraphically, its position on the
substrate can be accurately controlled with respect to other inteyrated op-
tical elements.

Previous geodesic optical waveguide lenses have been made by first mechan-
ically forming a depression, which is usually spherical, into the substrate
surface, followed by waveguide formation. As light propagating in a waveyguide

mode enters the depression region, ray components follow geodesic paths having

different lengths, thus éffecting a lens. We have demonstrated the fabrica-

tion of a suitable depression by anisotropic etching. Althouyh the depression
formeg in this way 1is not spherical, its shape is controlled by the litho-
graphic pattern, the anisotropic etching properties of the substrate, and the
nature of the deposited layers forming the multilayer waveyguide structure.

The gyeodesic lens considered herein utilizes the anisotropic etching
properties of (10u) surfaces of silicon which allow V-grooves to be forned
along (110) directions. V-grooves having various sizes can be formed ouring a
single etchiny step due to the anisotropic nature of the etchinyg. Since the
depth of these Y-grooves depends only on the width of the mask opening, by
tapering this widtn, such as in the profile of a thin lens, a variable depth
regyion is created. Fig. 16 illustrates the resulting lens configuration.
After forming the variable-depth V-ygroove, a 1.0 um layer of S1'02 is then
thermally yrown, followed by chemical vapor deposition of phosphosilicate

glass (PSG). Reflow of this PSG was then carried out. The glass reflow causes

the sharp edges of the V-groove and the bottom of the V-groove to becone
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Fig. 16  Configuration of the anisotropically-etched geodesic waveguide lens.
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rounded. Repetition of the deposition and reflow process has yieldeda consider-
able rounding. The optical waveguide is then formed by depositing a Corning
7059 glass film by RF sputtering. Light propagyating in a waveyuide wode
passes throuyn the waveguide lens with its propagation direction normal to the
V-yrouove axis.

Rounding of the sharp edges surrounding the lens region and along the
V-groove axis i3 necessary in order to minimize optical scattering, as scat-
teriny can deyrade performance of an inteyratea optical signal processing
system. Considarable rounding has been accomplished by chemical vapor depos-
ition of a 3 um tnick layer of PSG at 400°C. The phosphorous content of the
deposited layer is estimated to be 10%. Reflow is then accomplished by pla-
ciny the wafer in a steam oxidation furnace at 1100°C for 60 minutes. This
deposition and reflow was then repeated three times for the samples discussed
herein. Rounaing could be observed through an optical microscope as an ap-
parent broadening of the bottom edyge of the V-groove. After lens fabrication
ana testing, a sample was fractured along an axis perpendicular to the V-
grogve axis and examined with a scanning electron microscope. Considerable
reflow was evident. The raaii of curvature of the reflowed region are R =
68 pm along the lens boundary and R = 11 um at the bottom of the V-groove.
The first of these values exceed the critical value of radius of curvature
below which severe scattering would be expected, but the second is slightly
below this critical value. Repeating the PSG deposition and reflow steps
several more times on future samples may thus eliminate some of the excess
scattering occurring in the lens region of the present samples.

Measurement of the lens diffraction pattern was performed for an expanded
input beam utilizing reimaging45, with the result shown in Fig. 17. Insteada
of utilizing output prism coupling with reimaging, while etching the lens

groove we etched a series of lines on each side of the wafer parallel to the

e e
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V-yroove axis to guide cleavage. Once the position of the focal point was
observed, cleavaye alony the nearest pair of these gjuide lines was effectea.
An external cylindrical lens was then slightly adjusted until the focal plane
corresponded to th2 cleaved edge of the wafer. The focal spot was then re-
imagyea tonrouyn a microscope to the film plane of the camera attachment. A
pin-hole detector combination was then scanned in this plane to obtain a focal

spot widtn that is T1.7X the diffraction-limited value, as shown in Fig, 17.
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IV. Planar Javeyuides Coupled to Integrated Photodetector Arrays

A, Device Structure

The early portion of tais AFOSR research program involved the first
demonstration of tihe integration of a CCD photodetector array with a planar
thin-film waveguide. In linear CCD imaging arrays integrated into optical
waveguide structures, guided optical waves propagate along the wafer surface
entering the imaginy device laterally as opposed to from the frontside or
backside as in conventional imaging devices. If the waveguiding film is
uniform alony the direction parallel to the axis of the detector array, a
planar waveguide exists and the function of the CCD array is to image light
variations in this transverse dimension. Such devices are expected to find
applications in integratea optical signal processing structures 4as they allow
conversion of spatial information carried by a guided optical wave in a paral-
lel format to an electrical signal having a serial format.

The configuration of a slab optical waveguide imager is shown in Fig. 18.
The dielectric optical waveguide region is located at the left side of this
figure. A thin-film dielectric optical waveguide is formed from a material
having higher refractive index than the surrounding regions. The presence of
the 5102 film is necessary as the effective optical wavequide substrate mater-
ial to prevent significant loss due to evanescent field coupling to the sili-
con substrate. A very high quality and smooth optical surface of 51'02 is
readily formed by high temperature thermal oxidation. In the region approach-
ing the photodiode array the thickness of 3102 is tapered to a smaller value
and eventually terminates at the edge of the photodiodes in order to allow the
uniform continuation of the waveyuide thin film across the photodiodes. The

extension of the waveguide thin filn along the surface of the photodiodes

tends to reduce scattering at the edge of the photodioaes and provide multiple
46

refraction of laser light into the photodiode to increase quantum efficiency.

e
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[t is important that the taper be gradual, smooth, and uniform along the
detector array in order to minimize scattering and preserve signal integrity.
Gur analysis has shown that scattering near the detector array has more impact
in deygrading signal processiny dynamic range than does scattering from further
away.]6 We have successfully fabricated ygradual, smooth, and uniform tapers
by utilizing carefully controlled undercutting during oxide etching. Details
of taper fabrication have been pubh’shed.8

The behavior of the CCDs in these devices are similar to those described
previously. Measurements of optical response are included in publications
first describing this device.6’7 One aspect of these CCD's fabricated in this
research program which was significantly improved over conventional CCDs was
the inteyrated ouput amplifier. The signal output of a CCD is represented by
the magnitude of a charyge packet. Conversion of this charge packet into
output voltage by current flowing through a load resistor yields voltage
magnitudes of only a few tens of mV voltagye. Furthermore, not only does this
signal appear across the load resistor, but a relatively large clock feed-

through voltaye is superimposed on the signal. A sample and hold circuit47 0

r
a differential amplifier can be used to eliminate this clock feedthrough. An
output amplifier integrated on the same chip as the CCD which overcomes these
disadvantayges can aiso be used. This amplifier is referred to as a gated
output amplifier or reset amplifier. Its configuration is shown in Fiy.
19—a.46 This amplifier operates by allowiny the charge packet of the CCD
output to be transferred to a small gate capacitor of a MOS transistor to
obtain a larye voltaye change. The gated output amplifier shown in Fig. 19-a
consists of two MOS transistors and an external load resistor. One is the

reset MOS transistor T], while the other is the output MOS transistor T2. The

source of the reset transistor is also the output diode of the CCD, and it is

l
1
|
|
|
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Fiq. 19(a) Conventional gated output amplifier of a CCD having
single reset gate.

Fig. 19(b) Dual gated output amplifier of a CCD having an extra
dc reset gate.
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connected to the gate of the output transistor. The output transistor operates
as a source follower. The operation of this gated output amplifier is de-
scribed as follows. Within each clock cycle, and before siynal charge is
snifted to the output divde, the reset transistor is turned on for a short
period to allow the output diode to be reset to a reference voltage. This
reference voltage also sets the gyate bias point of the output transistor.
After reset is accomplished, the reset transistor is turned off, and the
output diffusion is floating. At this time one packet of signal charge of the
CCD is snifted intu the ouput diode by turning the phase 1 electrode off. The
chanye of voltage V on the gate of the output transistor is proportional to
the amount of siynal charge QS by the relation V = QS/Ce, where Ce is the
gate capacitance in parallel with the p-n Junction capacitance. The smaller
the capacitance, the larger the output voltaye changes. The chanye of voltaye
on the gate of the output transistor will correspond to a change of voltage
across the load resistor.

Fiy. 19-b shows the circuit diagram of the output amplifier used in the
four-phase, double polysilicon CCD. A symmetrical dual gated output amplifier
with dual reset gates is used. T1 and T2 form one of the gated output ampli-
fiers, and T3 and T4 the other. The amplifier adjacent to the CCD receives
signal charge and any clock pick-up from circuit wiring. The other amplifier
wnich has © symnetrical geometric layout receives clock pick-up but no signal
charye. The outputs of these two amplitiers are differentially amplified to
cancel the clock pick-up. The other feature of this output amplifier is that
dual reset gates are used instead of a single reset gate. Use of an extra
dc-biased yate can reduce reset clock feedthrough which appears on the output-

loaa resistor. In order to simulate the reset clock feedthrough, the gated
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output amplifier has been modeled by utilizing a MOS transistor circuit model
stored inside the computer simulation program SCEPTRE.*?  Results of this

modeling are published elsewhere.50

B. Use in Scattering Measurements

A novel approach to measuring in-plane scattering in thin-film optical
waveguides utilizing an integrated photodectector array is presented. The
technique is limitea to waveyuides formed on semiconductor substrates such as
Si and GaAs whicn allow pnotodiode fabrication. In-plane scattering has been
studied previously by focusing a beam of light prism-coupled out of a wave-

51

yuide onto a plane scanned by a photodetector, as was done by Vahey.”  The

use of integratea detection avoids the use of the output prism which is a

51,52 In what follows, we

significant additional source of light scattering.
present measurements for a polyurethane thin-film waveguide deposited onto a
5102/51 substrate containing a photodiode array. Under certain assumptions,
we determine from these measurements the angular distribution of the in-plane
scattering and the nature of the surface roughness.

The yeometry of the experimental device is depicted in Fig. 20. We used
a n-type, two inch diameter silicon wafer on which a 1 um thick SiO2 layer is
thernially grown. The waveguide film is polyurethane with a thickness of about
1.2 yme A Tinear array of photodetectors is formed by an array of p-type
diffusions into the substrate. The resulting detectors consist of 100 x

100 uim photodiodes on 125 um centers. Adjacent to the photodiode array, the

5102 is tapered down to the level of the detectors in order to minimize the

Tight scattering that would occur upon waveguide-detector couph’ng.32 Electri-

cal connections were made to eight of the detectors.
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Fig. 20 The geometry of the surface of the experimental
device for in-plane scattering measurements.
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Light from a He-Ne laser is coupled into the slab waveguide by a gla .
prisin. The liynt propagates along an axis perpendicular to the pnotodiode
array, as shown in Fig. 20. The relative light intensity scattered into each
of the photodioaes alony the array is measured by compariny the phntodiode
currents.

The waveguiaz for the present experiments was found to have an attenu-

ation of 2.3 db/cm. The scattering measurements are illustrated in Fig. 21.

A least squares analysis yields for the in-plane scattering function S the
result shown in Fig. 22. The coefficient of determination for the analysis is
96%. The corresponding surface roughness correlation length is 0.16 um, and
the root-mean-square surface roughness is 0.03 um.

In this section we have thus described an inteyrated approach to in-plane
light scattering measurements in a planar wavequide. Interpretation of the
measured data is shown to provide information concerning the nature of the
surface rouyhness causing the scattering. Such information may be useful in
characterizing and improving the quality of low loss thin film optical wave-

guides.
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Fig. 22 A polar plot of the angular distribution of the
in-plane scattering.
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V. Suamary and Conclusions

A significant amount of research has been perforumed as a part of this
proyraa sponsored by AFOSR. Most recently, results detained in laser annezal-
iny of optical waveguides demonstrate that use of this technique can dramat-
ically reduce scattaring in optical waveyguides. Dramatic improvement was
observed for five materials: Corniny 7059 glass, Zn0, Ta205, Nb205, and
813N4; while for two of these materials (Corning 7059 yglass and Zn0), a value
of .01 d3/cm was observed. This value is an order of magnitude better than
any value previously reported for any thin film waveguide. The effect of such
a reduction in scattering is to allow higher values of dynamic range in inte-
grated optical signal processing and optical communications devices to be
obtained, as is shown in ;nalysis performed as a part of this research pro-
gram. Related to this reduction of scattering, we have &lso developed a more
sensitive technique to measure waveguide scattering loss and a technique to
relate the in-plane scattering angular distribution to the mean square surface
roughness and roughness correlation length.

As an important part of this AFUSR-sponsored research, surface channel
CCUs having transfer inefficiencies as low as 1.0 x]O'4 have been fabricated
and integrated with optical wavequides. These devices are 4 phase with two
levels of overlappiny polycrystalline silicon electrodes. Few universities
have reported successful fabrication of CCDs and none of these has reported a
better transfer inefficiency. The first published contribution involving CCDs
as a part of this AFQOSR program reported the integration of a CCD with a
planar optical waveguide structure and successful operation. Such a structure
could find applications in optical signal processiny devices such as guided
wave acoustooptic devices. A CCD has also been integrated with an array of

channel waveguides with each channel waveguide coupled to a separate linear
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image array element. This device is expected to find applications in fiber
optical systens as a multiplexer or receiver, in signal processing, and for
high resolution imaging. This latter application has been demonstrated with a
fan-out channel waveguide array in which the channel waveguide array period is
very small at the focal plane. The channel waveguides are then tapered and
curved to a larger p=riod at winich point they couple to a linear CCD array.
This device thus allows high resolution imaginy without the necessity of
fabricatiny a very swall CCD linear imayer. Operation of an inteygrated opti-
cal channel waveyguide-CCD transversal filter has also been demonstrated. The
presence of gptical channels is characterized by many of the advantages that
result from the use of optical fibers in various applications.

Notable accomplishements have also been made in several related areas.
As a part of our work with CCDs, we performed the first use of voltage con-
trast in a scanning electron microscope to image CCDs and MOS devices during
operation. An analysis of crosstalk in photodetector arrays was carried out
which included variations in the imaging lens focal length ana diameter,

optical wavelenyth, gaussian input beam standard deviation, waveguide layer

refractive index, detector element spaciny, aperture width, actual element

width, diffusion constant, minority carrier lifetime, and several other para-

meters. The flow of phosphosilicate glass has been studied and been used with
- anisotropic etcniny to form a novel waveguide lens. pNear diffraction-limited

operation was demonstrated.
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